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Abstract In this paper, we indicate a possibility of utiliz-
ing the elastic scattering of the Dirac low energy (∼ 1 MeV)
electron neutrinos (νe’s) on the polarized electron target
(PET) in testing the time reversal symmetry violation (TRSV).
We consider a scenario in which the incoming νe beam is
the superposition of left chiral (LC) and right chiral (RC)
states. LC νe’s interact mainly by the standard V − A and
small admixture of non-standard scalar SL, pseudoscalar PL,
tensor TL interactions, while RC ones are only detected by
the exoticV +A and SR,PR,TR interactions. In addition, one
assumes that the spin polarization vector of the initial νe’s
is turned aside from its momentum, and due to this the non-
vanishing transversal component of the νe spin polarization
appears. We compute the differential cross section as a func-
tion of the recoil electron azimuthal angle and scattered elec-
tron energy, and show how the interference terms between
standardV−A and exotic SR,PR,TR couplings depend on the
various angular correlations among the transversal νe spin
polarization, the polarization of the electron target, the in-
coming neutrino momentum and the outgoing electron mo-
mentum in the limit of relativistic νe. We illustrate how the
maximal value of recoil electrons azimuthal asymmetry and
the asymmetry axis location of outgoing electrons depend
on the azimuthal angle of the transversal component of the
νe spin polarization, both for the time reversal symmetry
conservation (TRSC) and TRSV. Next, we display that the
electron energy spectrum and polar angle distribution of the
recoil electrons are also sensitive to the interference terms
between V −A and SR,PR,TR couplings, proportional to the
T-even and T-odd angular correlations among the transver-
sal νe polarization, the electron polarization of the target,
and the incoming νe momentum, respectively. Our model-
independent analysis is carried out for the flavor νe’s. To
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make such tests feasible, the intense (polarized) artificial νe
source, PET and the appropriate detector measuring the di-
rectionality of the outgoing electrons, and/or the recoil elec-
trons energy with a high resolution have to be identified.
1 Introduction
One of the fundamental problems in the neutrino physics
is whether TRSV takes place in purely leptonic processes
at low energies (e. g. the neutrino-electron elastic scatter-
ing (NEES). According to the standard electro-weak model
(SM) [1–5], the V and A couplings of LC νe’s may only
participate in NEES and the hermiticity conditions of inter-
action lagrangian require the real coupling constants. This
means that there is no possibility of appearing TRSV corre-
lations in the differential cross section for the NEES, even
when the electron target is polarized. The qualitative change
emerges when the exotic scalar (S), tensor (T), pseudoscalar
(P) and (V+A) couplings of the interacting RC ν’s beyond
the SM in addition to the standard V-A ones are introduced.
The presence of the exotic complex couplings together with
PET may generate the non-vanishing T-even and T-odd an-
gular correlations in the differential cross section. It is worth
pointing out that the TRSV (equivalent CP violation in the
case of CPT-invariant theory) is observed in the decays of
neutral kaons and B-mesons [6–8], and described by a single
phase of the Cabibbo-Kobayashi-Maskawaquark-mixingma-
trix (CKM) [9]. However, this CP-violating phase does not
allow for explanation of the existing matter-antimatter asym-
metry of universe and new T-violating phases are needed
[10]. It is important to note that the available experimental
results still do not rule out the scenarios with the exotic S, T,
P and V+A weak interactions of RC ν’s. The various non-
standard gauge models including exotic TRSV interactions,
RC ν’s, mechanisms explaining the origin of parity viola-
2tion and of fermion generations, masses, mixing and small-
ness of ν mass have been proposed. We mean, e. g., the left-
right symmetric models (LRSM) [11–15], composite mod-
els [16–18], models with extra dimensions (MED) [19] and
the unparticle models (UP) [20–32]. Concerning the UP the-
ory, it is noteworthy that in this scheme ν’s with the different
chiralities can interact with the spin-0 scalar, spin-1 vector,
spin-2 tensor unparticle sectors and consequently one gets
the amplitudes for the low energy leptonic processes in the
form of unparticle four-fermion contact interaction with the
non-standard S, T, P, V+A lorentz interactions.
In spite of experimental limitations and lack of unambigu-
ous indication of the non-standard model, there is a constant
necessity of increase of the precision of present tests at low
energies, and on the other hand, it seems sensible to search
for new tools sensitive to the linear effects from the exotic
complex couplings of RC ν’s, because the measurements of
these observables may shed some new light on the TRSV
in the leptonic interactions. As it is known the future super-
beam and neutrino factory projects aim at the tests of the CP
violation in the lepton sector, where simultaneously ν and ν
oscillations would be measured [33, 34]. Also other propos-
als of observables for the tests on the TRSV in the leptonic
and semileptonic processes: the precise measurements of T-
odd triple-correlations for the massive charged leptons [35–
39], of electric dipole moments of the neutron and atoms are
worth noticing [40–44]. Till now, all the evidence is consis-
tent with the TRSC scenario.
Our considerations show that NEES on PET offers new sci-
entific opportunities for the studies on the TRSV in the lep-
tonic reactions. From the perspective of the main goals of
this paper, it is essential to mention the recent tests confirm-
ing the possibility of realizing the polarized target crystal
of Gd2SiO5 doped with Cesium [45], as suggested in [46].
The concepts of using PET to probe the neutrino magnetic
moments, the flavor composition of (anti)neutrino beam, ax-
ions, spin-spin interaction in gravitation [47–54] are also
worth noting.
In this study, we focus on the elastic scattering of low en-
ergy Dirac νe’s on PET. We show in a model-independent
way how the admixture of the exotic S, T, P, V+A com-
plex couplings of RC νe’s in addition to the standard V, A
real couplings of LC ones affects on the azimuthal distri-
bution and asymmetry of the recoil electrons, polar distri-
bution of scattered electrons and their energy spectrum, and
consequently on the possibility of TRSV in the relativistic
νe limit. Our studies are made for the flavor-eigenstate (cur-
rent) Dirac νe’s and when the monochromatic νe source is
deployed at a near distance from the detector. We analyze
the various scenarios assuming that the hypothetical detec-
tor is able to measure both the azimuthal angle φe and polar
angle θe of the recoil electrons, and/or also the energy of the
outgoing electrons with a high resolution. In order to com-
pute the expected effects, we use the experimental values of
standard couplings: cLV = 1+(−0.04± 0.015),cLA = 1+
(−0.507± 0.014) [55].
2 Elastic scattering of Dirac electron neutrinos on
polarized electrons - basic assumptions
We assume that the incoming Dirac νe beam is generated
by the monochromatic low energy (∼ 1MeV ) and polarized
source ( νe emitter with a high intensity). Let us remind that
the 51Cr unpolarized emitter with a high activity ∼ 370 PBq
in the SOX experiment [56] (Short distance Oscillation with
boreXino) at the Borexino detector is planed to search for
among other the sterile νe’s [57–63]. Moreover, one sup-
poses that the initial νe flux is the superposition of LC states
detected mainly by the standard V − A and small admix-
ture of non-standard scalar SL, pseudoscalar PL, tensor TL
interactions, while RC ones interact only by the exotic V +
A and SR,PR,TR interactions. Additionally, one admits that
the initial νe beam has the spin polarization vector turned
aside from its momentum, and in this way the non-vanishing
transversal components of the spin polarization appear. In
order to illustrate the possibility of producing the νe beam
with the non-zero transversal spin polarization, we refer to
the ref. [64], where the muon capture by proton as the pro-
duction process of L-R chiral superposition has been con-
sidered. In the next studies, the other sources are going to
be analyzed. It should be stressed that when the admixture
of RC ν’s in addition to the LC ones in the polarized ν
source is admitted and the production plane is assigned, the
ν spin polarization vector may acquire the transversal com-
ponents, potentially giving both T-even and T-odd effects.
These transversal ν polarizations consist only of the inter-
ferences between the (V,A)L and (S,T,P)R couplings and
do not vanish in the relativistic ν limit. We have completely
different situation for the longitudinal ν polarization, where
all the interferences between the V − A and (S,T,P)R in-
teractions are strongly suppressed by ν mass. It means that
only the squares of exotic RC couplings (at most the inter-
ferences within exotic couplings) and of standard LC ones
may generate the possible effect. The amplitude for the νee
−
scattering takes the form:
MDνee− =
GF√
2
{(ue′γα(cLV − cLAγ5)ue)(uνe′ γα(1− γ5)uνe)
+ (ue′γ
α(cRV + c
R
Aγ5)ue)(uνe′ γα(1+ γ5)uνe) (1)
+ cRS (ue′ue)(uνe′ (1+ γ5)uνe)
+ cRP(ue′γ5ue)(uνe′ γ5(1+ γ5)uνe)
+
1
2
cRT (ue′σ
αβ ue)(uνe′σαβ (1+ γ5)uνe)
+ cLS(ue′ue)(uνe′ (1− γ5)uνe)
+ cLP(ue′γ5ue)(uνe′ γ5(1− γ5)uνe)
3+
1
2
cLT (ue′σ
αβ ue)(uνe′σαβ (1− γ5)uνe)},
where GF = 1.1663788(7)× 10−5GeV−2(0.6 ppm) [65] is
the Fermi constant. The coupling constants are denoted with
the superscripts L and R as c
L,R
V , c
L,R
A , c
R,L
S , c
R,L
P , c
R,L
T respec-
tively to the incoming νe of left- and right-handed chiral-
ity. Because we admit the TRSV, the non-standard coupling
constants c
R,L
S , c
R,L
P , c
R,L
T are the complex numbers denoted
as cRS = |cRS |eiθS,R , cLS = |cLS |eiθS,L , etc. Moreover, the rela-
tions between the exotic couplings, cLS,T,P = c
∗R
S,T,P appearing
at the level of interaction lagrangian should be taken into
account. It manifests the lack of dependence of the square
terms coming from the S,T,P interactions in the cross sec-
tion on the longitudinal νe polarization ηˆν · qˆ. The general
formula for the differential cross section with the depen-
dence on the azimuthal angle of outgoing electron momen-
tum, when ηˆe ⊥ qˆ, is presented in the appendix. Calcula-
tions are carried out with the use of the covariant projectors
for the incoming νe’s (including both the longitudinal and
transverse components of the spin polarization) in the rela-
tivistic limit and for the polarized target-electrons, respec-
tively [66].
3 Azimuthal distribution and asymmetry of recoil
electrons
In this section, we analyze the possibility of using the az-
imuthal distribution of recoil electrons for the investigation
of TRSV in the ν elastic scattering on PET. According to the
SM, the mentioned azimuthal distribution has a local max-
imum at Φ = pi/2 as it is illustrated in the Fig.2 and Fig.3,
respectively. The Fig. 2 is the polar plot of d2σ/dφedθe =(
d2σ/dφed y
) ·(d y/dθe) as a function of φe for the assigned
values of θe. The Fig. 3 is the polar plot of d
2σ/dφed y as a
function of φe for the assigned values of y. These two plots
reveal the up-down azimuthal symmetry measured with re-
spect to Φ = 0 and the left-right azimuthal asymmetry with
the asymmetry axis directed along Φ = pi/2, clearly visible
for d2σ/dφedθe. Moreover, it is important to stress that in
the case of the standard V −A interaction, the asymmetry
axis is fixed at Φ = pi/2 and is independent of the variations
of y, θe, Eν and the standard c
L
V , c
L
A couplings values but the
degree of the asymmetry can change. Usually to quantify
the azimuthal asymmetry one makes use of the asymmetry
function (see Appendix 2 for the definitions). Fig.4 displays
the maximal values of azimuthal asymmetries Ay(Φ = pi/2)
and Aθe(Φ = pi/2) as functions of y and θe for the standard
V −A interaction. In both cases the maximal values of the
Ay and Aθe are equal to 0.0794, and achieved at y
max ≈ 0.5
and θ maxe ≈ pi/6, respectively. In order to illustrate how
the phase of given exotic coupling and the azimuthal an-
gle of (ηˆν )
⊥ affect the azimuthal asymmetry of recoil elec-
trons, and consequently to hint to the possibility of TRSV,
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Fig. 1 Production plane of the νe beam is spanned by the polarization
unit vector Sˆ of source and the νe LABmomentum unit vector qˆ. Reac-
tion plane is spanned by qˆ and the transverse electron polarization vec-
tor of target (ηˆe)
⊥ (due to ηˆe ⊥ qˆ) for νe+e−→ νe+e−. θe is the polar
angle between qˆ and the unit vector pˆe of recoil electron momentum. φe
is the angle between (ηˆe)
⊥ and the transversal component of outgoing
electron momentum (pˆe)
⊥.ηˆν = (sinθν cosφν , sinθν sinφν ,cosθν).
we present the explicit form of the A(Φ) asymmetry func-
tion for the scenario with V −A and SR interactions:
A
S,R
V−A(Φ) = 3
√
me(2Eν +me)
[
− (cLA− cLV )(3cLAEν + cLV Eν
+2cLAme)sin
2 θν
2
sinΦ (2)
+|cRS |cLV (2Eν +me)sin (θS,R−Φ +φν)
]
/[
4(|cRS |2+ 4(cLA2+ cLAcLV + cLV 2))E2ν
+12(2cLA
2+ |cRS |2+ cLAcLV + cLV 2)Eνme
+3(3cLA
2+ 2|cRS |2+ cLV 2)m2e
−(4cLAcLV Eν(4Eν + 3me)+ cLA2(4Eν + 3me)2
+cLV
2(16E2ν + 12Eνme + 3m
2
e))cosθν
−|cRS |(6(cLA + cLV )E2ν +(13cLA + 5cLV )Eνme
+6cLAm
2
e)cos(θS,R +φν)
]
.
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Fig. 2 Dependence of d2σ/dφed θe on φe for the standard V-A inter-
action, Eν = 1MeV : θe = pi/12 (dotted line), θe = pi/6 (solid line),
θe = pi/3 (dashed line).
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Fig. 3 Dependence of d2σ/dφed y on φe for the standard V-A interac-
tion, Eν = 1MeV : y = 0.1 (dotted line), y = 0.2 (solid line), y = 0.5
(dashed line).
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Fig. 4 Standard V-A interaction, Eν = 1MeV . Plot of the azimuthal
asymmetry functions: Ay(Φ = pi/2) as a function y (solid line) and
Aθe(Φ = pi/2) as a function of θe (dotted line).
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Fig. 5 Dependence of A(Φmax) on φν (solid line) and Φmax on φν
(dashed line), for ηˆν · qˆ = −0.95,Eν = 1MeV . TRSC: Upper left plot
for the case of V −A and TR when |cRT | = 0.2,θT,R = 0; Middle left
plot for the combination of V −A with SR when |cRS | = 0.2,θS,R = 0;
Lower left plot for the case of V −A with PR when |cRP| = 0.2,θP,R =
0. TRSV: Upper right plot for the scenario with V −A and TR when
|cRT | = 0.2,θT,R = pi/2; Middle right plot for the case of V −A and SR
when |cRS | = 0.2,θS,R = pi/2; Lower right plot for the combination of
V −A with PR when |cRP|= 0.2,θP,R = pi/2.
We see that if |cRS | sin(θS,R +φν)= 0 then the local extremum
of A
S,R
V−A(Φ) is at Φ = pi/2. Assuming no TR and PR interac-
tions it follows that any departure from the Φmax = pi/2 ori-
entation of the asymmetry axis signalizes the presence of the
exotic cRS interaction. Moreover, if the location of the asym-
metry axis is sensitive to the relative orientation of PET and
(ηˆν)
⊥ one can conclude that θS,R + φν 6= 0; ideally, experi-
mental control of φν would give an opportunity to measure
θS,R. For example, θS,R can be determined as −φν for that
value of φν which fixes the asymmetry axis at the standard
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Fig. 6 Dependence of A(Φmax) on φν (solid line) and Φmax on φν
(dashed line), for θν = pi/2, Eν = 1MeV . TRSC: Upper left plot for
the case ofV −A and TR when |cRT |= 0.2,θT,R = 0; Middle left plot for
the combination of V − A with SR when |cRS | = 0.2,θS,R = 0; Lower
left plot for the case of V − A with PR when |cRP| = 0.2,θP,R = 0.
TRSV: Upper right plot for the scenario with V − A and TR when
|cRT | = 0.2,θT,R = pi/2; Middle right plot for the case of V − A and
SR when |cRS | = 0.2,θS,R = pi/2; Lower right plot for the combination
V −A with PR when |cRP|= 0.2,θP,R = pi/2.
pi/2 location. The similar regularity holds for the case of
V −A and TR interactions, i.e. when |cRT | sin(θT,R +φν) = 0
then the local extremum of A
T,R
V−A(Φ) must be at Φ = pi/2.
For the variant with V − A and PR couplings the situation
is different: in this case Φmax = pi/2 independently of the
coupling cRP and the azimuthal angle φν .
The diagrams on Figs. 5, 6 show dependence of A(Φmax)
(solid lines) and Φmax (dashed lines) on φν for the various
scenarios with TRSC (left plots) and TRSV (right plots).
4 Spectrum of recoil electrons and polar angle
distribution of scattered electrons
In this section, we indicate the usefulness of both polar an-
gle distribution and spectrum of recoil electrons in testing
the TRSV phenomenon. Let us stress that the probed sce-
narios correspond to the laboratory differential cross section
integrated over φe. We see that this independence of φe does
not eliminate all the interference terms between the standard
and exotic (S,T,P)R couplings, and in this way there is still
the possibility of detecting the TRSV by the precise mea-
surement of these observables. Fig.7 shows the dependence
of dσ/dθe = (dσ/d y) (d y/dθe) on θe for the various sce-
narios. Upper plot concerns TRSC (θT,R = θS,R = θP,R = 0)
case, while lower one corresponds to TRSV (θT,R = θS,R =
θP,R = pi/2). Fig. 8 displays the same dependence as the Fig.
7, but for the pure contribution from the (ηˆν )
⊥, i. e. when
θν = pi/2. The significant departure from the standard pre-
diction in the polar angle distribution of recoil electrons for
the scenario with V −A and TR interactions can be noticed.
For two remaining cases the differences are much smaller.
The dashed lines in Fig. 7 correspond to the case of TRSC
(upper plot) with θ maxe (TR) = 34.3
◦ and TRSV (lower plot)
with θ maxe (TR) = 33.3
◦, respectively. The similar regularity
for the extreme situation with θν = pi/2 is seen in Fig. 8.
Figs. 9, 10 are the plots of dσ/d y as a function of y de-
picted with the similar assumptions as for the Figs. 7, 8.
We present the recoil electrons energy spectrum dσ/d y for
the scenario with V −A and SR interactions to illustrate the
impact of phase of exotic coupling and azimuthal angle of
(ηˆν)
⊥ on the possibility of TRSV:(
dσ
dy
)
V−A,S
=
(
dσ
dy
)
V−A
(3)
+ B
[
|cRS |2 fS(y)+ |cRS |cos(θS,R +φν)gS(y)
]
,
with the y-dependent coefficients
fS(y) = 2y(
2me
Eν
+ y) (4)
gS(y) = y
[
(−2(cLA + cLV )+ y(cLA− cLV )
me
Eν
− 4cLA
me
Eν
]
.
The similar decomposition but with different coefficients f ,
g holds for theV −A and TR, also V −A and PR interactions.
Let us remark that the low energy region of recoil electrons
spectrum largely deviates from the standard expectation for
the V −A and TR couplings (dashed line in Figs. 9, 10). The
cases of V −A with SR and V −A with PR indicate the rela-
tively small deviation for the higher outgoing electrons en-
ergy.
5 Conclusions
We have shown that PET may be the useful tool for the
detection of the non-standard couplings of RC interacting
νe’s and the effects of TRSV caused by the triple corre-
lations present in the differential cross section for NEES.
First, according to the SM prediction the left-right azimuthal
asymmetry of the recoil electrons has the maximal value at
Φ = pi/2 and the location of asymmetry axis is fixed, Figs.
2, 3, 4. If exotic (S,T,P)R complex couplings are admitted in
NEES on PET, both the magnitude A(Φmax) and axis Φmax
of the azimuthal asymmetry may change due to the non-
vanishing interferences between the V − A and (S,T,P)R
proportional to the TRSC and TRSV correlations, Figs. 5, 6.
This departure from the standard prediction is mainly caused
by the dependence of azimuthal asymmetry on the azimuthal
angle φν connected with (ηˆν )
⊥ as it is shown in the Eq. (2)
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Fig. 7 Dirac νe. Plot of dσ/dθe as a function of θe for ηˆν · qˆ=−0.95,
Eν = 1MeV . Upper plot for TRSC: standard V −A interaction (solid
line); the combination of V − A and TR when |cRT | = 0.2,θT,R = 0
(dashed line); the case of V −A and SR when |cRS |= 0.2,θS,R = 0 (dot-
ted line);V −A with PR when |cRP|= 0.2,θP,R = 0 (dashed-dotted line).
Lower plot for TRSV: standard V −A interaction (solid line); the com-
bination ofV −A and TR when |cRT |= 0.2,θT,R = pi/2 (dashed line); the
case of V −A and SR when |cRS | = 0.2,θS,R = pi/2 (dotted line); V −A
with PR when |cRP| = 0.2,θP,R = pi/2 (dashed-dotted line).
for the scenario involving V −A and SR couplings. Second,
even if the differential cross section is integrated over φe, but
there is PET, the energy spectrum of recoil electrons and the
distribution of outgoing electrons polar angle are still sensi-
tive to the interferences, proportional to the angular correla-
tions among qˆ,(ηˆν)
⊥,(ηˆe)⊥ vectors, Figs. 7, 8, 9, 10. It is
worth pointing out that the measurements of the azimuthal
asymmetry and of the polar angle distribution require the in-
tense low-energy νe sources, the polarized target-electrons,
and the detectors observing both the azimuthal angle and
polar angle of the scattered electrons with the good angu-
lar resolution. The detectors with the very low threshold for
the precise measurements of outgoing electrons spectrum
would be needed. Let us remind that the ideas of proper
detectors such as Hellaz [67–69] and Heron [70–72] have
been considered in the literature. The silicon cryogenic de-
tectors (Neganov et al., hep-ex/0105083), the high purity
germanium detectors, the semiconductor detectors and the
bolometers [73, 74] seem to be also interesting proposals.
°
°
°
0 °
30 °
60 °
90 °
2.
4.
6.
10
45

dΣ

dΘ
e
Θe
0 °
30 °
60 °
90 °
2.
4.
10
45

dΣ

dΘ
e
Θe
Fig. 8 Dirac νe. Plot of dσ/dθe as a function of θe for θν = pi/2, Eν =
1MeV . Upper plot for TRSC: standard V −A interaction (solid line);
the combination of V − A and TR when |cRT | = 0.2,θT,R = 0 (dashed
line); the case of V −A and SR when |cRS |= 0.2,θS,R = 0 (dotted line);
V −A with PR when |cRP| = 0.2,θP,R = 0 (dashed-dotted line). Lower
plot for TRSV: standard V −A interaction (solid line); the combination
ofV −A and TR when |cRT |= 0.2,θT,R = pi/2 (dashed line); the case of
V −A and SR when |cRS |= 0.2,θS,R = pi/2 (dotted line); V −A with PR
when |cRP|= 0.2,θP,R = pi/2 (dashed-dotted line).
Our investigation is made in hope to encourage the neu-
trino laboratories working with the artificial (un)polarized
ν sources, and to revive the discussion on the feasibility of
PET and on the development of ultra-low threshold high-
precision detection techniques in the context of TRSV in
the low energy leptonic and semileptonic weak interaction
processes.
6 Appendix 1- General formula on laboratory
differential cross section for NEES in PET case
The formula on the laboratory differential cross section cal-
culated with the amplitude MD
νee− , Eq. (1):
d2σ
dydφe
=
(
d2σ
dydφe
)
V−A
+
(
d2σ
dydφe
)
V+A
(5)
+
(
d2σ
dydφe
)
(S,T,P)R
+
(
d2σ
dydφe
)SR
V−A
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Fig. 9 Dependence of dσ/d y on y for ηˆν · qˆ = −0.95,Eν = 1MeV .
Upper plot for TRSC: standard V −A interaction (solid line); the com-
bination of V −A and TR when |cRT | = 0.2,θT,R = 0 (dashed line); the
case of V −A and SR when |cRS | = 0.2,θS,R = 0 (dotted line); V − A
with PR when |cRP| = 0.2,θP,R = 0 (dashed-dotted line). Lower plot for
TRSV: standardV −A interaction (solid line); the combination ofV −A
and TR when |cRT | = 0.2,θT,R = pi/2 (dashed line); the case of V −A
and SR when |cRS | = 0.2,θS,R = pi/2 (dotted line); V −A with PR when
|cRP|= 0.2,θP,R = pi/2 (dashed-dotted line).
+
(
d2σ
dydφe
)PR
V−A
+
(
d2σ
dydφe
)TR
V−A
+
(
d2σ
dydφe
)SR
V+A
+
(
d2σ
dydφe
)PR
V+A
+
(
d2σ
dydφe
)TR
V+A
,
(
d2σ
dydφe
)
V−A
= B(1− ηˆν · qˆ)
{
(cLA)
2
[
(y− 2)y+ 2
+
me
Eν
y− (ηˆe)⊥ · (pˆe)⊥
√
2me
Eν
+ y
(√
y3− 2√y
)]
(6)
− (cLV )2
[
(ηˆe)
⊥ · (pˆe)⊥
√
y3
√
2me
Eν
+ y− y2
+ y
(
me
Eν
+ 2
)
− 2
]
+ 2(cLV c
L
A)
[
(2− y)y
+(ηˆe)
⊥ · (pˆe)⊥(y− 1)
√
y
(
2me
Eν
+ y
)]}
,
(
d2σ
dydφe
)
V+A
= B(1+ ηˆν · qˆ)
{
(cRA)
2
[
(y− 2)y+ 2
+
me
Eν
y+(ηˆe)
⊥ · (pˆe)⊥
√
2me
Eν
+ y
(√
y3− 2√y
)]
(7)
+(cRV )
2
[
(ηˆe)
⊥ · (pˆe)⊥
√
y3
√
2me
Eν
+ y+ y2
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Fig. 10 Dependence of dσ/d y on y for θν = pi/2, Eν = 1MeV . Upper
plot for TRSC: standardV −A interaction (solid line); the combination
of V −A and TR when |cRT | = 0.2,θT,R = 0 (dashed line); the case of
V −A and SR when |cRS | = 0.2,θS,R = 0 (dotted line); V −A with PR
when |cRP| = 0.2,θP,R = 0 (dashed-dotted line). Lower plot for TRSV:
standard V −A interaction (solid line); the combination of V −A and
TR when |cRT |= 0.2,θT,R = pi/2 (dashed line); the case ofV −A and SR
when |cRS | = 0.2,θS,R = pi/2 (dotted line); V −A with PR when |cRP| =
0.2,θP,R = pi/2 (dashed-dotted line).
− y
(
me
Eν
+ 2
)
+ 2
]
+ 2(cRV c
R
A)
[
(2− y)y
+(ηˆe)
⊥ · (pˆe)⊥(1− y)
√
y
(
2me
Eν
+ y
)]}
,
(
d2σ
dydφe
)
(S,T,P)R
= B
{
y
(
y+ 2
me
Eν
)
|cRS |2+ y2|cRP|2 (8)
+ 2
[(
(2− y)2− me
Eν
y− (ηˆe)⊥ · (pˆe)⊥ηˆν · qˆ
√
2me
Eν
+ y
·
(√
y3− 2√y
))
|cRT |2+ y
(
(y− 2)
− (ηˆe)⊥ · (pˆe)⊥ηˆν · qˆ
√(
2me
Eν
+ y
)
y
)
Re(cRPc
∗R
T )
− (ηˆe)⊥ · (pˆe)⊥ηˆν · qˆ
√
2me
Eν
+ y
√
y3 Re(cRS c
∗R
P )
+ (y− 2)
(
y− (ηˆe)⊥ · (pˆe)⊥ηˆν · qˆ
√
y
(
2me
Eν
+ y
))
·Re(cRS c∗RT )+ 2
√
y
(
y+ 2
me
Eν
)
(ηˆe)
⊥ · (qˆ× (pˆe)⊥)
8· Im(cRS c∗RT )
]}
,
(
d2σ
dydφe
)SR
V−A
= B
{
cLA
Eν
me
[√
y
(
2me
Eν
+ y
)3
(9)
·
(
(pˆe)
⊥ · ((ηˆe)⊥× (ηˆν)⊥)Im(cRS )
)
−
(
y2+
2mey
Eν
)
·
(
(ηˆe)
⊥ · (pˆe)⊥
(
(ηˆν )
⊥ · (pˆe)⊥Re(cRS )
− (ηˆν)⊥ · (qˆ× (pˆe)⊥)Im(cRS
)
+ qˆ · ((ηˆe)⊥× (ηˆν)⊥)
· Im(cRS )+
me
Eν
(ηˆe)
⊥ · (ηˆν )⊥Re(cRS ))
)]
+ cLV
[√
2me
Eν
+ y)y
(
2
(
(ηˆν)
⊥ · (pˆe)⊥Re(cRS )
− (ηˆν)⊥ · (qˆ× (pˆe)⊥)Im(cRS )
)
+ y(pˆe)
⊥ · ((ηˆe)⊥× (ηˆν)⊥)Im(cRS )
)
+ y(y− 2)(ηˆe)⊥ · (ηˆν)⊥Re(cRS )
+
(
Eν
me
y2+ 2y
)
(ηˆν )
⊥ · (pˆe)⊥
(
(ηˆe)
⊥ · (pˆe)⊥Re(cRS )
− (ηˆe)⊥ · (qˆ× (pˆe)⊥)Im(cRS )
)]}
,
(
d2σ
dydφe
)PR
V−A
= B
{
cLV
Eν
me
[
y
√
y
(
2me
Eν
+ y
)
(10)
·
(
(pˆe)
⊥ · ((ηˆe)⊥× (ηˆν)⊥)Im(cRP)
)
+
(
y2+
2mey
Eν
)
·
(
(ηˆe)
⊥ · (pˆe)⊥
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− (ηˆν)⊥ · (pˆe)⊥Re(cRP)
+ (ηˆν)
⊥ · (qˆ× (pˆe)⊥)Im(cRP
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−
(
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me
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⊥ · (ηˆν )⊥Re(cRP)
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√(
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Eν
+ y
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(
Eν
me
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.
y ≡ Te
Eν
=
me
Eν
2cos2θe
(1+ me
Eν
)2− cos2θe (15)
is the ratio of the kinetic energy of the recoil electron Te to
the incoming νe energy Eν . me is the electron mass; B ≡(
Eνme/4pi
2
)(
G2F/2
)
. ηˆν is the unit 3-vector of νe spin po-
larization in its rest frame. (ηˆν · qˆ)qˆ is the longitudinal com-
ponent of νe spin polarization. |ηˆν · qˆ| = |1− 2QνL|, where
QνL is the probability of producing the LC νe.
7 Appendix 2 - Definitions of the asymmetry functions
The asymmetry function A(Φ) is defined as
A(Φ) :=
Φ+pi∫
Φ
dσ
dφe
dφe−
Φ+2pi∫
Φ+pi
dσ
dφe
dφe
Φ+pi∫
Φ
dσ
dφe
dφe +
Φ+2pi∫
Φ+pi
dσ
dφe
dφe
. (16)
Two other asymmetry functions are employed:
Ay(Φ) :=
Φ+pi∫
Φ
d2σ
dφedy
dφe−
Φ+2pi∫
Φ+pi
d2σ
dφedy
dφe
Φ+pi∫
Φ
d2σ
dφedy
dφe +
Φ+2pi∫
Φ+pi
d2σ
dφedy
dφe
, (17)
Aθe(Φ) :=
Φ+pi∫
Φ
d2σ
dφedθe
dφe−
Φ+2pi∫
Φ+pi
d2σ
dφedθe
dφe
Φ+pi∫
Φ
d2σ
dφedθe
dφe +
Φ+2pi∫
Φ+pi
d2σ
dφedθe
dφe
. (18)
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